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Madelung Potentials and Disorder Broadening of Core Photoemission Spectra
in Random Alloys
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We present the first experimental evidence for “disorder broadening” of core level x-ray photo-
emission line shapes in alloys. The broadening is attributed to variations in electrostatic potential. A
model in which the charge on a site is assumed to be proportional to its number of unlike neighbors has
recently been shown to greatly improve the calculated total energies of disordered alloys. This model
predicts a broadening a factor of 2 larger than observed. We discuss this result in terms of short range
order and a generalized charge model. [S0031-9007(97)03188-8]

PACS numbers: 79.60.Ht, 71.23.-k

Since the work of Madelung [1] the electrostatic en-Rp,, centered on sit¢, and the second is over the,
ergy of arrays of charges has attracted continued attenticites in themth shell. To characterize the distribution of
[2]. However, although the concepts of electronegativitypotentials we first require a model for the charg#sat
and ionicity have had great historical importance in chemeach site.
istry, solid state physicists are reluctant to consider “charge One may suppose that ti&' are determined by’, the
transfer” as this does not constitute a quantum mechanicabmposition fraction for the species type at that site. For
observable and the concept is therefore vague and arbé-random binary alloyi, B;—, charge neutrality requires
trary. In recent years the inclusion of Madelung energies —Q4cA = QBB )
for disordered systems, previously assumed to be zero, has A B i
been shown to be essential to a traly initio description Whereé ¢® =x and ¢” =1 — x. We refer to this as
of the physical and electronic structure of random alloydhe fixed charge model (FCM) since the charges do not
[3,4], forcing a reexamination of the charge transfer pic-V&y Wlth local environment but merely reflect _global
ture. In particular, a model in which the charge on a site iStoichiometry.  Although Madelung effects vanish on
determined by théocal composition has gained increasing 2verage within the FCM, the potential at any given site
support [3=5] and has been used [6] to explain the strud"@y b.e considerable. ]’he'av,(,erage potenyal for a.S|te with
tural stability of a wide range of compounds and alloys. & Particular number of “unlike” nearest neighbafsis

In this Letter we present the first experimental study of ,_ . QA® N,
the Madelungpotential in random alloys. One expects VHNDYi=am) = R 2+2 - 1 — cA® |- 3

that variation in local bonding configuration will give a Assuming [0A®] ~ 0.1, Eq. (3) predicts an average

distribution of potentials, but no such “disorder broaden—Chan e of approximately 16V in ootential per unit
ing” has previously been observed with core level x-ray hange inN .pr')l'his Woulg imply conspiderable cri)isorder

photoelectron spectroscopy (XPS). We estimate the ma roadening of core level XPS spectra in random alloys
nitude of disorder effects and present high resolution ex: N ex ec’?ation contradicted b P experiment Likewi)'/s,e,
perimental data showing the first observation of disordef!" EXP ; y- exp .

ab initio electronic structure calculations based on the

broadening in the core level XPS of random alloys. This : . o
comparison of theory and experiment goes to the heart O(foherent potential approximation (CPA) which implicitly

our understanding of the electronic structure and bondin se the FCM fail to predict structural propertigs of alloys
in alloys, giving insight into local charge neutrality, short Al . We conclude th"."t th_e FCM does not give a useful
range order, and charge correlation, description of charges in disordered alloys.

The electrostatic potential at lattice poinin a random Chemical wisdom suggests that an atom surrounded by

alloy relative to the corresponding elemental solid canaII like” atoms will kf‘e a'pp,ryoxmately _neutral Wh'le an
tom bonded to all “unlike” atoms will experience the

be expressed as a sum of intra-atomic and Madelun . ) .
- aximum possible charge transfer. This means that the
potentials, . ;
144 - chargesare correlated even when theite occupations
Vi = 20" + Z Z o't @ are truly random [5]. Magret al. have suggested [5] a
R =P correlated charge model (CCM) with the form

= m jem
If O is measured in units o, the electronic charge, P ; N ;
and the nearest neighbor distanReis in A, then the Q' =A EZ‘(S — 5§ = 2AN.S', (4)
JE€nnt

potential is in volts. (We suppress the 14.4 factor in ‘
subsequent equations for brevity.) The first summation invherenn' denotes the nearest neighbors of site de-
the Madelung term is over concentric spheres with radiusermines the ionicity, and*® = —1(+1). Johnson and
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Pinski [4] have recently developed the “charge-correlated7]. The calculated distribution for each, are shown
CPA” in which the charge on sité is assumed to be in Fig. 2 and were found to be Gaussian with FWHM
determined solely by the number of unlike neighborssmaller than the gradient ¢¥ (~,)) againstv, (i.e., the
N,, although no assumption of linearity is made. Thiscomponent splitting). Thus the core potential at a site
“(Zy + 1)-site” theory gave a dramatic improvement inis determined predominantly by the composition of its
alloy formation energies, and the self-consistently deternearest neighbor shell. Comparison with the Gaussian
mined charges for th&, + 1 components were found to in Fig. 2 shows that the overall effect of disorder is
be linear inN, and with gradient independent of compo- an approximately Gaussian broadening with FWHM
sition. These results provide considerable justification fotimes the component splitting. Calculations for surface
the CCM. Combining Egs. (1) and (4) it can be shown [7]sites [7] revealed a slightly shallowey, dependence,
that while the subsurface layer was essentially bulklike.
A Considering briefly the core level binding energy shifts
(VN D) aw) = 25 §sABz{z) — 1 — SH1 — AB} predicted by the CCM, we note that the center of mass
of the spectrd’ can be obtained by averaging out tNg

T N2 A SA(B){2 —Z, +3) 5) dependence afV(N,)) in Eg. (5) to give
u R ’ J—
= Q) A ca®) AB)
whereX, is the lattice dependent constant defined by Vas) = R ZES Zdl = ()
s — KinZm 6) indicating a linear dependence of the core level binding
o PmZ1 energy on composition [8]. The first equality shows

and K,, is the number of sites that are simultaneouslythat in the CCM .theeff effective Mad(—?lung constant in
nearest neighbors of the central site and of a site imitfe d|sorder_gd alloys I = I for aI_I lattices and for all
shell [3]. Eq. (5) shows that for a given lattice the averagef®MmPositions.  We find [7] there is on average a charge
potentials are linear iV, with gradient independent of ©f —Q" in the first shell, while all subsequent shells are
composition. The variation ofV(N,))4 with N, and its On average charge neutral. Shells with> 1,K,, # 0
decomposition into Madelung and intratomic component&ontribute to the average Madelung energy but not the
are plotted in Fig. 1 for thel, sB, s alloy whereR = 3 A average Ma(_jel_ung_ potentidf. Clearly for disordered
and A = 0.1/Z; (corresponding to an average charge ofSystems a dlstlnctlor_w must be made bet\'/veen. Madelung
0.1) were assumed. The Madelung part(@{N,))as constant corrqspondmg to the electrostq{mIer_ltlaI and '
scales faster withV, than the intratomic part but with the electrostaticenergy For the latter quantity Magri
opposite sign tasA®), and so the total potential varies ©t &l-[5] found a parabolic variation with.
with —N,S4®). The gradient okV(N,)) againsty, is We now use the potentials calc_ulated for m@sBoj
~0.1 eV, suggesting a modest disorder broadening of alloy!USter to simulate XPS spectra using the expression
core level XPS spectra. ‘ ; r ;

To investigate the distributions of thg&(nN,) about (f'(@))ap) * Z L' (w,V"), 8
their averages the potentials at sites near the center i=A(B) A
of a large AgsBys cluster were calculated with the Where we have assumed that the component spgiftes

charge on each site determined according to Eq. (43"€ given byLr(_‘”’Vi)’ Lorentzians with FWHMT', and
position determined by’, the potential at sité. Since
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FIG. 1. The variation ofV(N,))4 the average potential fot otential (V)

sites with a given number of unlike neighbors with) for the  FIG. 2. The distribution of potentials for each valueNf for
AgsBos FCC lattice. The decomposition into intra-atomic and an Aq 5By s FCC lattice. Also shown is a Gaussian distribution
Madelung potentials is also shown. with FWHM given by 4.2 times the peak separation.
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the V' are determined primarily by the composition of the inverse lifetimel in the simulations corresponds to that of

nearest neighbor shell it follows: the Cu2ps/, level [11]. Thus our choice of parameters
A Z seems generally sound and should be particularly relevant
(f'(0)an) = Z P(NM)LF[w,<V(Nu)>A(B)], (9) toCuPd -, alloys. An interatomic charge transfer model
N,=0 of photoelectron shifts is expected to work well here since

where P(N,) is the probability of a site having a given intra-atomic charge redistribution is unimportant for Cu
N,. We refer to this expression as the “nearest neighbosites in CyPd,—, alloys [12]. Although Wolverton and
approximation” (NNA). A further approximation, Zunger [6] identified a number of more *“ionic” alloy
IS W systems (CuAu, AINi, PtNi, LiAl) the stronger electrostatic
{(fl@naw = L (0, Vaw), (10) e¥fects in(these system favorth)e formatio% of intermetallic
referred to as the average neighbor approximation (ANAompounds rather than solid solutions. We conclude that
assumes a single effectivéB) environment which expe- the Cy.Pd, _, alloy system provides the optimum test case
riences the average potentidl Comparison of f'(w))  for the experimental identification of disorder broadening.
determined using Eq. (8) (the exact result) and 10 (the Disordered polycrystalline samples of G®dys and
ANA) will determine explicitly the magnitude of disor- CuwsPdy, were prepared by me|ting the requires propor-
der broadening. Further comparison of spectra calculategbns of high purity component metals under Ar in an arc
using Egs. (8) and (9) will test the validity of the NNA. furnace followed by rapid quenching. Homogeneity was
These comparisons are made in Fig. 3 wHere: 0.6 eV ensured by repeated reorienting and remelting. Specimens
and a Gaussian broadening wf= 0.3 eV FWHM were  were examined using the Scienta ESCA 300 spectrometer
used to simulate lifetime broadening and experimentait the RUSTI facility at Daresbury Laboratory along with
resolution, respectively. Core level XPS spectra of disa pure Cu specimen. The specimen surfaces were me-
ordered alloys have previously been interpreted in termghanically cleanedh situ and photoelectron spectra were
of a single bulk component. Provided the chosen valugbtained at near normal emission using a monochromated
of A/R is realistic, the simulations described above showa| anode x-ray source. Surface cleanliness was verified
that “third generation” XPS spectrometers, which achieveyy the absence of C and O photoelectron signals. Experi-
W ~ 0.25 eV, should be capable of observing disordermental data for the Cip;, photoelectron line are shown
broadening in alloys. Figure 3 also shows that the NNAh Fig. 4 for Cu and CysPd,s. It is apparent from the
performs extremely well. raw data that the alloy spectrum is broader than that of
Wolverton and Zunger have pointed out [6] that one Carpure Cu. The CysPdy, spectrum also showed this
estimate the charge transfer parametéry collapsing the  broadening and was almost indistinguishable from that
charge density onto the lattice sites so that the electrostatigf Cy,sPd,s, in accord with spectral simulation using
energy of the resulting point charge array reproduces thgq, (9) for the random4 3By, lattice [7]. While the
the first principles calculations. In this way they obtainedresults for the CgisPd,, alloy provide important confir-
A ~ 0.006 for CuPd alloys. Combining this value with mation of the generality of this broadening effect, we
the Cu lattice parameter we obtakfR ~ 0.0024. This  concentrate in the remainder of the paper on a detailed
closely corresponds to the parameters used in the precediaga|ysis of the results for GgPd .
simulations. With this value ofi/R Eq. (7) predicts a
shift in Cu2p binding energy of up to 1 eV in G&d,—,
alloys, in broad agreement [8] with experiment[9,10]. The
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Following Citrin et al. [11] the pure Cu spectrum was where y;"° and n4 are elemental constants. Defining
least squares fitted using bulk and surface Doniaschi&  the ionicity of a bond between two adjacent atoms as
line shapes characterized by a Lorentzian wilitand an  their electronegativity difference we may suppose that the
asymmetry indexv. With a surface to bulk intensity ratio charge on a site is given by the sum of its bond ionicities.
of 0.12 to 1 [11] we obtained = 0.038, I' = 0.60 eV, In this bond ionicity model (BIM) the?’ and y’ must be
and a surface core level shif, of —0.25 eV in excellent  determined self consistently, but this generalization of the
agreement with Citrinet al. [11]. The fit also yielded CCM retains the simplicity of intuition of basic chemical
W = 0.30 eV, in excellent agreement with the Gaussianconcepts.
broadening observed at the Cu Fermi edge. It is clear We have shown that within the CCM the average
from a direct comparison of the raw data that a fitpotential for a givenw, is proportional toN, and there
of the CuwsPdys spectrum cannot be achieved with theis only a small amount of Gaussian scatter about these
parameter obtained for pure Cu. Varyifg, o, orI' lead averages. Averaging out thé, dependence we showed
to poor fits (as judged by a minimug? of ~ 5) and gave  that V 43 the potential averaged over ali(B) sites is
strong systematic variations in the residuals. In particulargiven by Q/R, corresponding to an effective Madelung
the calculated line shape was too narrow near the centebnstant of 1 for all structures and all compositions.
of the peak while the tails decayed too slowly. However,Using a realistic estimate of the model parametewe
allowing W to vary gave pleasing agreement with thehave shown that disorder broadening of core level XPS
experimental line shape, and we conclude that there is dimes in random alloys should be small but observable.
additional broadening mechanism present in the alloy anstPS data for the CuPd alloy system have demonstrated
that this broadening is Gaussian in character. \Eitland  the first observation of disorder broadening, but the effect
I fixed at their pure Cu values we obtaindtd= 0.37 eV was found to be significantly smaller than predicted
and a very slight reduction im with x> = 1.2. This for the perfectly random alloy. We attribute this to
fit is shown in Fig. 4. Increasing, gave rather poor a tendency for a short range ordering implicit in the
results while with £, = 0 we obtainedW = 0.40 eV~ CCM and point out the possibility of even more efficient
which we take as an upper bound. This corresponds tecreening due to like-like correlation. A generalization of
a maximum additional Gaussian broadening of 0.26 e\the CCM was presented.

(added in quadrature) to that observed for pure Cu, and The contributions of G. Beamson and P. Unsworth in
we attribute this to disorder broadening of the electrostatiobtaining experimental data are gratefully acknowledged.
potential in the alloy.
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